Intrinsic inotropic stimulation of the heart is central to the regulation of cardiovascular function, and exogenous inotropic therapies have been used clinically for decades. Unfortunately, current inotropic drugs have consistently failed to show beneficial effects beyond shortterm haemodynamic improvement in patients with heart failure. To address these limitations, new agents targeting novel mechanisms are being developed: (i) istaroxime has been developed as a non-glycoside inhibitor of the sodium-potassium-ATPase with additional stimulatory effects on the sarcoplasmic reticulum calcium pump (SERCA) and has shown lusitropic and inotropic properties in experimental and early clinical studies; (ii) from a mechanistic point of view, the cardiac myosin activators, directly activating the acto-myosin cross-bridges, are most appealing with improved cardiac performance in both animal and early clinical studies; (iii) gene therapy approaches have been successfully employed to increase myocardial SERCA2a; (iv) nitroxyl donors have been developed and have shown evidence of positive lusitropic and inotropic, as well as potent vasodilatory effects in early animal studies; (v) the ryanodine receptor stabilizers reduce pathological leak of calcium from the sarcoplasmic reticulum with initial promising pre-clinical results; and finally, (vi) metabolic energy modulation may represent a promising means to improve contractile performance of the heart. There is an urgent clinical need for agents that improve cardiac performance with a favourable safety profile. These current novel approaches to improving cardiac function provide the hope that such agents may soon be available.
Introduction
In 1986, two review articles on new positive inotropic agents for the treatment of congestive heart failure were published, 1,2 presenting a number of promising developments. However, over 24 years later, the only inotropic agent recommended, and weakly at that, in the European Society of Cardiology (ESC) Guidelines for the treatment of chronic heart failure is digitalis, a drug introduced in the eighteenth century. 3 In the setting of acute heart failure, inotropic agents are only recommended in patients with systolic blood pressure ,90 mmHg and evidence of inadequate organ perfusion despite other therapeutic interventions.
Why have so many promising inotropic drugs failed to demonstrate beneficial clinical outcomes in patients with heart failure? The therapeutic hypothesis is compelling; central to the pathogenesis of systolic heart failure is decreased left ventricular (LV) contractile function. The initial insults (myocardial infarction, other cardiomyopathies, hypertension, etc.) that cause decreased LV function set into motion an inexorable series of maladaptive haemodynamic, remodelling, and neurohormonal responses that result in heart failure, clinical deterioration, and ultimately death. It would seem intuitively obvious that improving LV function should halt the progression of disease and improve clinical outcomes. A recent analysis supports this concept, where clinical device or drug trials that demonstrate long-term improvement in LV function are associated with improved survival. 4 Furthermore, the success of cardiac resynchronization therapy in reducing heart failure events and improving survival clearly supports the hypothesis. 5 However, there is no similar supportive evidence for inotropic agents. While there may be many reasons for the failure of currently available inotropes to improve clinical outcomes, the adverse effect of these agents on myocardial energetics and intracellular calcium may play an important role. While most inotropic agents increase energy consumption and intracellular calcium, inotropic stimulation through cardiac resynchronization therapy does not. Thus, the success story of cardiac resynchronization by biventricular pacing therapy may indicate that the future search for inotropic intervention in heart failure is not hopeless, and that inotropic mechanisms that avoid these liabilities may be clinically beneficial.
What defines an inotropic intervention?
Inotropic interventions comprise all means that increase muscular contractile force, and in particular, the contractile force of the myocardium. The mechanisms underlying the regulation of myocardial force production can best be explained at the level of the smallest force-producing unit, the acto-myosin cross-bridge using a simplified two-stage cross-bridge model ( Figure 1 ). During a cross-bridge cycle, the myosin head attaches to actin, rotates to produce force, which is maintained during the so-called on-time ( Figure 2) . Thereafter, the cross-bridge detaches again to enter its non-force-producing state for the duration of the off-time.
The on-time and the unitary force production of the cross-bridge define the force -time integral of the individual cross-bridge cycle. Accordingly, contractile force depends on the number of crossbridges attached per unit of time. The cross-bridges are activated by calcium binding to troponin C with the subsequent conformational changes of tropomyosin and troponin I to facilitate actomyosin interaction. The muscle relaxes when calcium is pumped back into the sarcoplasmic reticulum (SR) by the sarcoplasmic reticulum calcium pump (SERCA) and eliminated outside the cell by the sodium-calcium exchanger (NCX). 6 Inotropy, i.e. the number of cross-bridges activated, depends upon: (i) the amount of calcium available to bind to troponin C, (ii) the calcium affinity of troponin C, and (iii) alterations at the level of the cross-bridge cycle including promotion of the force-producing cross-bridge state, cross-bridge unitary force production, and prolongation of the on-time, and thus the duration of the force-producing state.
Furthermore, the ability of attached cross-bridges to increase calcium affinity of troponin C and activate neighbouring crossbridges (i.e. co-operativity) may also increase contractile force. The mechanisms underlying the increase in inotropy may also influence the velocity of contraction and relaxation as well as energy consumption of the myocardium. It is assumed that one molecule of ATP is hydrolysed during one individual cross-bridge cycle. Accordingly, the most efficient way to increase contractile force would be to prolong cross-bridge attachment time, but this mechanism might reduce the velocity of force development and relaxation. However, it is also recognized that there is a basal rate of non-force-generating ATP hydrolysis by myosin, 7 such that mechanisms that increase the likelihood of forcegenerating hydrolysis with cross-bridge formation would potentially increase performance with no adverse effect on energetics. Thus, efficiency (economy) of contraction and contractile performance may diverge depending on the inotropic mechanism.
How does the heart regulate its inotropic state?
Endogenous inotropic mechanisms include (i) length-dependent activation of cross-bridges, (ii) contraction frequency-dependent activation of contractile force, and (iii) catecholamine-mediated inotropy. 6 The most important mechanism to regulate the basal contractile force of the heart is length-dependent activation of cross-bridges by increasing the length of the individual sarcomere (Frank-Starling mechanism). This length-dependent activation occurs without an increase in calcium release, partially by spatial changes and increased co-operativity. 8 Frequency-dependent up-regulation of contractile force is calcium dependent. With increasing heart rate, more calcium enters the cardiomyocyte, is accumulated into the SR, and is available for release during the next contraction, resulting in more recruited cross-bridges and increased contractile force. 9 Catecholamines increase contractile force by the b-adrenoceptor-adenylyl cyclase system or by stimulation of a-receptors. Through protein kinase A, the b-adrenoceptor system phosphorylates L-type calcium channels to increase calcium influx and ryanodine receptors (RyRs) to increase SR calcium release resulting in activation of cross-bridges. In addition, phosphorylation of phospholamban accelerates SR accumulation of calcium and relaxation which is supported by phosphorylation of troponin I due to reduced calcium sensitivity of troponin C (positive lusitropy). At the cross-bridge level, cyclic AMP (cAMP)-mediated increase in contractility has been reported to reduce the attachment time of the individual crossbridge. Consequently, cAMP-mediated inotropy increases the rate of force development and rate of relaxation at the expense of a reduced economy of contraction.
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Alterations of the inotropic state in heart failure
In heart failure, excitation -contraction coupling is significantly altered, largely by abnormal calcium accumulation of the SR ( Figure 3) . Calcium enters the cell following activation of the L-type calcium current during the upstroke of the action potential. This calcium triggers the release of a larger amount of calcium by activating the RyR, which is the calcium release channel of the SR. Released calcium binds to troponin C to activate acto-myosin cross-bridges, inducing myocyte contraction. For relaxation, calcium is transported back to the SR by SERCA and eliminated outside the cell through the NCX. In heart failure, SR calcium uptake is abnormal due to SR calcium leak through RyR, decreased re-uptake of calcium secondary to decreased SERCA protein levels, and increased calcium elimination outside the cell due to increased levels of the NCX. Disturbed SR calcium accumulation is also the main mechanism underlying inversion of the force-frequency relation (see above, 'How does the heart regulate its inotropic state?'). In the failing myocardium, frequency-dependent up-regulation of SR calcium load is absent, which is associated with a decline of contractile force at higher heart rates. 9 
Current inotropes
Current inotropic drugs include cardiac glycosides, b-adrenoceptor agonists, phosphodiesterase (PDE) inhibitors, and calcium sensitizers ( Figure 4 , Table 1 ).
1,2 Cardiac glycosides inhibit the sodium-potassium-ATPase (Na
in sodium accumulation which in turn promotes cellular calcium accumulation by influencing driving forces of the NCX. Providing intact SR function, calcium accumulates in the SR, ready for release during the next twitch. As explained above, b-adrenoceptor stimulation increases intracellular cAMP that activates protein kinase A to phosphorylate key calcium-cycling proteins. Phosphodiesterase inhibitors prevent cAMP degradation, thus increasing cAMP activation of protein kinase A. Because b-adrenoceptor density is reduced in heart failure, PDE inhibitors have been assumed to be more effective in heart failure patients. The beneficial effects of both catecholamines and PDE inhibitors are directly a result of their ability to increase intracellular calcium, which is also the direct mechanism of the adverse effects of these agents, including myocardial ischaemia and arrhythmias. Calcium sensitizers increase contractile force without increasing intracellular calcium release. The molecular mechanism of current calcium sensitizers is at the level of troponin C through increased calcium affinity or more downstream through alterations of cross-bridge kinetics (1, 2).
Current clinical use of inotropes
According to current ESC guidelines, cardiac glycosides (digoxin) are indicated in patients with heart failure and atrial fibrillation to Figure 3 Excitation-contraction coupling. Calcium enters the cell through the L-type calcium channel during the action potential and triggers the release of a larger amount of calcium from the sarcoplasmic reticulum. This calcium binds to troponin C resulting in activation of contractile proteins. The muscle relaxes when calcium is removed into the sarcoplasmic reticulum by sarcoplasmic reticulum calcium pump or outside the cell by the sodium-calcium exchanger. RyR2, ryanodine receptor 2; TNT, troponin T; TNC, troponin C; TNI, troponin I; PL, phospholamban.
control the ventricular rate. 3 In patients with sinus rhythm, digoxin may be given to symptomatic patients with chronic systolic heart failure to improve ventricular function and patient well-being, and to reduce hospitalization, but without improving survival. Nonglycoside inotropic agents should only be used in patients with acute heart failure with low blood pressure or cardiac output in the presence of signs of hypoperfusion or congestion. Available agents include cAMP-elevating drugs such as dobutamine, dopamine, milrinone, and enoximone. 10 However, cAMP-mediated inotropic stimulation may impair survival, in particular, in patients with coronary artery disease. This adverse effect has been demonstrated by several clinical trials, including the OPTIME-CHF trial that randomized patients with acute heart failure to milrinone or placebo infusion. Milrinone was not superior to placebo regarding the primary endpoint of number of days hospitalized for cardiovascular causes within 60 days after randomization, and milrinone was associated with more adverse events, with significant increases in atrial fibrillation/flutter, ventricular tachycardia/fibrillation, and sustained hypotension. 11 In addition, milrinone patients suffering from coronary artery disease had worse outcomes, including increased mortality. 12 Moreover, in the ESCAPE trial, use of inotropes was associated with a significantly increased risk of all-cause mortality. 13 Use of the calcium sensitizer levosimendan may be more favourable. Levosimendan has a unique mechanism of action. It binds to troponin C depending on the actual calcium concentration. This may result in drug binding only during high systolic calcium levels but not during diastole when calcium is low. By this on -off mechanism, levosimendan may increase calcium sensitivity only during systole without impairing diastolic relaxation.
14 In addition, levosimendan activates ATP-dependent potassium channels in smooth muscle cells resulting in vasodilation. 15 At higher concentrations, levosimendan also acts as a PDE inhibitor. 14 A number of clinical trials have been performed demonstrating inotropic and vasodilating properties of levosimendan in patients with heart failure including cardiogenic shock: an increase in stroke volume and cardiac output and a decrease in pulmonary capillary wedge pressure (PCWP). 10 Levosimendan possesses unusual pharmacokinetics with a biological half-life of its active metabolite extending over several days, explaining the recommendation to administer the drug for only 24 h using continuous infusion. However, some caution in the use of levosimendan, particularly with bolus loading doses, may be warranted given the results of the only placebo-controlled acute heart failure trial, REVIVE II, which demonstrated an early increase in mortality, as well as increased atrial fibrillation/flutter, ventricular ectopy, and sustained hypotension. 16 A recent meta-analysis of studies in patients with acute severe heart failure showed that levosimendan has favourable haemodynamic effects superior to placebo or dobutamine and suggested that levosimendan was associated with reduced mortality compared with dobutamine. 17 
Future directions
Promising new inotropic agents have been developed during the last decade ( Table 1) . They are based on pathophysiological defects identified in heart failure and include (i) istaroxime, which is an inhibitor of Na + /K + -ATPase and an activator of SERCA, (ii) cardiac myosin activators, (iii) increasing myocardial SERCA through gene therapy, (iv) nitroxyl donors, (v) stabilizers of the RyR, and (vi) energetic modulation ( Figure 5 ).
Istaroxime-a new luso-inotropic agent?
Istaroxime [(E,Z)-3-((2-aminoethoxy)imino)androstane-6,17-dione] has been identified in the search for new inotropic agents acting at the Na + /K + -ATPase. Istaroxime does not have a glycoside-like structure and in addition to its inhibitory effects on Na + /K + -ATPase, it has been suggested to stimulate SERCA. 18 Inhibition of Na + /K + -ATPase increases intracellular sodium, which reduces the driving force for the NCX, decreasing calcium elimination outside the cell. Moreover, increased sodium may stimulate the NCX to function in the reverse mode of transporting calcium intracellularly. Calcium influx into the cytosol may, however, be harmful in the failing heart with reduced SERCA activity and elevated diastolic calcium levels. Under those circumstances, Na + /K + -ATPase inhibition by elevating cytosolic calcium may not only impair diastolic function, but it may also induce delayed after-depolarization and cardiac arrhythmias. Therefore, additional effects on top of Na + /K + -ATPase inhibition, which promote calcium uptake of the SR, may be crucial to the potential success of this type of inotropic agent. In a study of guinea pig myocytes, Micheletti et al. 19 demonstrated that istaroxime increased twitch amplitude and accelerated relaxation without the aftercontractions seen with digoxin. In various dog studies, istaroxime increased the maximum rates of rise and fall in LV pressure and decreased end-diastolic pressure and volume without a change in the heart rate and the blood pressure. Most importantly, these inotropic and lusitropic effects were different from those of digoxin and have not been associated with an increase in myocardial oxygen consumption. 20, 21 Thus, from animal experiments istaroxime shows a favourable profile with increased inotropy and accelerated relaxation without associated increased energy consumption. The HORIZON trial evaluated the haemodynamic, echocardiographic, and neurohormonal effects of intravenous istaroxime in 120 patients hospitalized with heart failure and reduced ejection fraction. 22 In this randomized, double-blind, placebo-controlled, dose-escalating study, three doses of istaroxime or a placebo were given as intravenous infusions over 6 h to patients with a history of heart failure and a PCWP .20 mmHg. A reduction in PCWP was the primary endpoint, which was attained in all three dose groups during the entire observation period of 6 h. There was an increase in systolic blood pressure and a transient increase in cardiac index with the highest dose and a decrease in heart rate Figure 5 Future inotropic compounds: the ryanodine receptor (RyR) stabilizers reduce sarcoplasmic reticulum leak through the ryanodine receptor and reconstitute ryanodine receptor channel function. Istaroxime inhibits sodium-potassium-ATPase and stimulates SERCA2a. Cardiac myosin activators promote transition of cross-bridges from the weakly to the strongly bound force-producing state. Energetic modulators improve myocardial energetics through switching from fatty acid to glucose oxidation or by other mechanisms including means to increase the cellular phosphorylation potential. Virus-mediated sarcoplasmic reticulum calcium pump gene transfer (AV-SERCA) increases sarcoplasmic reticulum calcium uptake. Nitroxyl (HNO) may increase sarcoplasmic reticulum calcium uptake by modification of sarcoplasmic reticulum calcium pump and/or phospholamban (PL).
G. Hasenfuss and J.R. Teerlink and diastolic and systolic volume, without a change in ejection fraction. As indicators for improved diastolic function, E-wave deceleration time and E a velocity increased, and the E/E a ratio decreased. Istaroxime shortened QT c and was well tolerated with a short half-life of 1 h. Thus, the haemodynamic profile of istaroxime reflects inotropic and lusitropic effects without any indication of vasodilatory properties. The limitation of this study is related to the fact that patients included presented with milder forms of acute heart failure, not requiring inotropic interventions according to current guidelines.
Cardiac myosin activatorsincreasing myocardial performance
Cardiac myosin activators represent a new class of compounds, which directly influence the cross-bridge cycle. These molecules accelerate the rate of actin-dependent phosphate release of the weakly bound acto-myosin cross-bridge (the rate-limiting step of the cross-bridge cycle). This promotes transition to the forceproducing on-state of the cross-bridge. (Figure 6 ) 23 As a consequence, more cross-bridges enter the force-producing state, more cross-bridges are activated per unit of time, and contractile force increases (Figure 2 ). Several compounds have been investigated so far. 24 These agents stimulate myosin-ATPase and increase fractional shortening of myocytes without increasing intracellular calcium transients. The increase in myocyte shortening is associated with an increase in time-to-peak contraction with unaltered velocity of contraction.
The molecule omecamtiv mecarbil (formerly CK-1827452) has recently been studied in two different dog models of heart failure. 25 Both included tachycardia-pacing-induced failure on top of myocardial infarction in one model and pressure overload by constriction of the ascending aorta in the other. In both models, omecamtiv mecarbil increased stroke volume and cardiac output, and decreased LV end-diastolic pressure and heart rate. In addition, omecamtiv mecarbil increased LV systolic ejection time (SET) by 26%. Importantly, these improvements in cardiac function were not associated with increased myocardial oxygen consumption. Omecamtiv mecarbil has advanced into clinical studies. The first-in-human study assessed the effect of omecamtiv mecarbil in ascending dose cohorts of healthy volunteers (n ¼ 34) and demonstrated dose-and concentration-dependent increases in the SET, stroke volume, fractional shortening, and ejection fraction. 26 A subsequent study in patients with heart failure presented similar findings. 27 Due to concerns that prolongation of SET might adversely impact diastolic-filling, particularly during exercise, another study, enrolling 94 patients with documented ischaemic cardiomyopathy, exercise-induced angina, reduced ejection fraction, and symptomatic heart failure, evaluated the effect of intravenous omecamtiv mecarbil on symptom-limited exercise tolerance. 28 In these patients, there was no deleterious effect of omecamtiv mecarbil on exercise tolerance. No doubt, the cardiac myosin activators are a very interesting new development in inotropic heart failure therapy. While the characteristic increase of SET may be a matter of concern, as long as relaxation is not prolonged and heart rate not too high, the increased ejection period should be well tolerated, as suggested by the exercise study. 
Cardiac inotropes
Gene therapy approaches to increase sarcoplasmic reticulum calcium pump activitystimulating the calcium pumps
Various gene therapy strategies have been proposed to correct abnormal excitation-contraction coupling in heart failure and increase inotropy. Most approaches are related to reduced SR calcium uptake, however, abnormal SR leak has also been considered. It has been shown in isolated myocytes that overexpression of the RyR-regulatory protein FKBP12.6 increases SR calcium content and fractional shortening. 29 A number of studies have been performed to evaluate the possibility of SERCA gene transfer. Up-regulating SERCA2a, the cardiac isoform of the sarco-endoplasmic reticulum calcium ATPase, in different animal models of heart failure results in improvement in systolic and diastolic function 30, 31 and may reduce arrhythmias. 32 A recent
paper on a sheep model of myocardial infarction and mitral regurgitation showed that SERCA up-regulation improves function and reduces the remodelling processes. 33 The Calcium Up-regulation by Percutaneous Administration of Gene Therapy in Cardiac Disease (CUPID) study, enrolled with a total of 39 patients with severe heart failure randomized to adeno-associated virus-mediated transfer of SERCA2a or placebo, has been recently presented. 34 As a phase 2 study, there was no single primary endpoint, but when a broad range of efficacy and safety endpoints were evaluated, there were very encouraging signals in improvement in symptoms and ventricular remodelling. 35 Problems related to gene transfer approaches to increase inotropy include (i) immunological reactions, (ii) duration of gene expression, (iii) control of gene expression, and (iv) unknown toxic effects, which are related to the vector used to transfer a gene. Currently, new-generation adeno-associated viruses have brought considerable progress in the field.
Nitroxyl-nitric oxide's soon-to-be famous sibling?
Nitric oxide (NO) is well known as an important signalling molecule central to the regulation of vascular tone and other cardiovascular processes, but NO's one-electron-reduced and protonated sibling, nitroxyl (HNO), is currently less well known. While HNO and NO are both gaseous signalling molecules and can be potent vasodilators, HNO appears to have additional unique signalling pathways and mechanisms independent of NO. 36, 37 In vitro experiments have demonstrated HNO-induced vasorelaxation in isolated large conduit and small resistance arteries, as well as intact coronary and pulmonary vascular beds, and HNO is a potent arterio-and venodilator in intact animal studies. While some of these vasorelaxant properties may be mediated by soluble guanylate cyclase (sGC), other mechanisms are also important in HNO-induced vasodilation, including increased circulating neuropeptide calcitonin generelated peptide levels and activation of vascular smooth muscle potassium channels (perhaps both K v and K ATP -channels). While the importance of these non-sGC mechanisms in patients is unclear, there is one characteristic that clearly differentiates HNO from traditional nitrovasodilators: the potential absence of tolerance or tachyphylaxis. 38 If confirmed in human studies, the absence of vascular tolerance could provide an important clinical advantage for HNO in the setting of heart failure. Additional effects of interest include inhibiting platelet aggregation and limiting vascular smooth muscle proliferation. 39 While these vascular properties are intriguing, the positive inotropic effect of HNO is potentially of greater clinical interest. Early in vitro experiments suggested positive inotropic and lusitropic properties of HNO, while subsequent studies in healthy and heart failure dog models with the HNO donor Angeli's salt (Na 2 N 2 O 3 ) demonstrated significant improvements in load-independent LV contractility, associated with reductions in pre-load volume and diastolic pressure. 40, 41 The mechanisms of these beneficial inotropic and lusitropic effects continue to be elucidated, but they appear to be independent of cAMP/protein kinase A (PKA) and cGMP/PKG signalling, 42 with no modification of L-type calcium channel activity, 43 and related to modification of specific cysteine residues on either phospholamban 44 Ryanodine receptor stabilizersstopping the leak
As discussed above, calcium leak through RyRs significantly contributes to abnormal calcium cycling in human heart failure. Accordingly, restoration of RyR function seems to be an interesting target for its treatment. A leak of calcium from the SR may not only decrease SR calcium load and availability for systolic contraction, but it may also promote diastolic dysfunction due to diastolic activation of contractile proteins. In addition, SR calcium leak may be a trigger for arrhythmias and contribute to altered gene expression in heart failure. Finally, a leak has unfavourable energetic consequences because ATP consumption for SR calcium accumulation increases with recycling calcium. Several compounds that reduce calcium leak through the RyR have been developed. JTV519, a 1,4-benzothiazepine, was one of the first compounds that restored abnormal RyR function and preserved contractile performance in heart failure models. 47, 48 In addition, JTV519
improved diastolic and systolic function in isolated myocardium from failing human hearts. 49 In addition to RyR stabilization, JTV519 has inhibitor properties on L-type calcium channels, potassium channels, and possibly other transporters. Subsequently, molecules that may specifically act on cardiac RyRs have been developed, including S44121. The study drug S44121 is currently being evaluated in a phase 2 multicentre clinical study (ISRCTN Registration number 14227980).
Energetic modulators-fuelling the engine
Disturbed energetic metabolism is considered to play a major role in human heart failure. 50 This may result from inadequate vessel formation during cardiac hypertrophy, altered substrate uptake of the myocyte or disturbed mitochondrial oxidative phosphorylation, and ATP availability for contractile processes. Several drugs that switch energy metabolism from fatty acids to glucose oxidation have been investigated. Etomoxir, an inhibitor of mitochondrial carnitine palmitoyltransferase 1, had shown promising results in animal experiments. It was also shown that substrate switching is associated with changes in gene expression such as myosin heavy chain gene or SERCA, but in a recent study in rats with aortic banding, an improvement of cardiac function has not been observed. 51 A clinical trial had to be stopped prematurely because of liver toxicity of the substance in some patients. 52 Administration of the glycolytic substrate pyruvate may result in profound inotropic effects under experimental conditions as well as in patients with heart failure. Pyruvate has numerous molecular effects that may contribute to its inotropic action. These include: (i) an increase in phosphorylation potential, (ii) a reduction of inorganic phosphate, (iii) a decrease in hydrogen ion concentration, and (iv) a modulation of the cytosolic redox state. The most important mechanism for its inotropic action may be an increase in the phosphorylation potential and an increase in free energy of ATP hydrolysis. In isolated muscle strip preparations from patients with end-stage heart failure, pyruvate resulted in a concentration-dependent increase in developed force and a decrease in diastolic force. 53 There was a dose-dependent prolongation of time-to-peak tension and relaxation time. This was associated with increased intracellular calcium transients and increased SR calcium content. The data support the hypothesis that pyruvate increases energy availability to the SERCA resulting in improved SR calcium handling. 53 When pyruvate was injected into the coronary circulation of patients with dilated cardiomyopathy, it exhibited a profile of an ideal inotropic agent with an increase in cardiac index and stroke volume index, a decrease in PCWP and heart rate. Mean aortic pressure and system vascular resistance did not change. 54, 55 These pyruvate data suggest that energetic modulation has a significant potential for the treatment of heart failure. A major difficulty for using pyruvate to treat acute heart failure in patients results from the fact that high arterial concentrations are needed which can only be achieved by intra-arterial application of pyruvate. Nevertheless, the favourable pronounced inotropic effects of pyruvate suggest that efforts should be invested to search for energetic targets in the treatment of heart failure.
Conclusion
Despite the compelling therapeutic hypothesis that increasing ventricular performance should improve clinical outcomes, the development of positive inotropes in the past has generated a litany of failures. These failures have been largely due to increases in cardiovascular complications directly related to the mechanism of action of these agents. Newer agents targeting different mechanisms of action hold new promise for the future, as long as complications of myocardial ischaemia, arrhythmias, and hypotension can be avoided.
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